bic fitness may be associated with reduced orthostatic tolerance. To investigate whether trained individuals have less effective regulation of cerebral vascular resistance, we studied the middle cerebral artery (MCA) mean blood velocity (V mean) response to a sudden drop in mean arterial pressure (MAP) after 2.5 min of leg ischemia in endurance athletes and untrained subjects (maximal O 2 uptake: 69 Ϯ 7 vs. 42 Ϯ 5 ml O 2·min Ϫ1 ·kg Ϫ1 ; n ϭ 9 for both, means Ϯ SE). After cuff release when seated, endurance athletes had larger drops in MAP (94 Ϯ 6 to 62 Ϯ 5 mmHg, Ϫ39%, vs. 99 Ϯ 5 to 73 Ϯ 4 mmHg, Ϫ26%) and MCA V mean (53 Ϯ 3 to 37 Ϯ 2 cm/s, Ϫ30%, vs. 58 Ϯ 3 to 43 Ϯ 2 cm/s, Ϫ25%). The athletes also had a slower recovery to baseline of both MAP (25 Ϯ 2 vs. 16 Ϯ 1 s, P Ͻ 0.01) and MCA V mean (15 Ϯ 1 vs. 11 Ϯ 1 s, P Ͻ 0.05). The onset of autoregulation, determined by the time point of increase in the cerebrovascular conductance index (CVCi ϭ MCA V mean/MAP) appeared later in the athletes (3.9 Ϯ 0.4 vs. 2.7 Ϯ 0.4s, P ϭ 0.01). Spectral analysis revealed a normal MAP-to-MCA V mean phase in both groups but ϳ40% higher normalized MAP to MCA V mean low-frequency transfer function gain in the trained subjects. No significant differences were detected in the rates of recovery of MAP and MCA V mean and the rate of CVCi regulation (18 Ϯ 4 vs. 24 Ϯ 7%/s, P ϭ 0.2). In highly trained endurance athletes, a drop in blood pressure after the release of resting leg ischemia was more pronounced than in untrained subjects and was associated with parallel changes in indexes of cerebral blood flow. Once initiated, the autoregulatory response was similar between the groups. A delayed onset of autoregulation with a larger normalized transfer gain conforms with a less effective dampening of MAP oscillations, indicating that athletes may be more prone to instances of symptomatic cerebral hypoperfusion when MAP declines.
ance (32) . Additionally, reduced orthostatic tolerance may also reflect a limited ability of the cerebrovascular system to cope with rapid changes in blood pressure (14) . Athletes' symptoms of cerebral hypoperfusion may reflect not only hypotension through the attenuation of the baroreceptor reflex but also a change in cerebral autoregulatory capacity.
Cerebral autoregulation reflects the dilatation or constriction of cerebral resistance vessels to a drop or rise in perfusion pressure, respectively (1) . Cerebral autoregulation has static and dynamic characteristics. Static cerebral autoregulation refers to the steady-state cerebrovascular response to prolonged reduction, or elevation, in blood pressure (47) . Dynamic cerebral autoregulation refers to the latency from the start of the stimulus, e.g., a drop in blood pressure, to the onset of cerebrovascular counterregulation and its time constant, i.e., the time taken to recover flow to the brain in the face of a sudden reduction in blood pressure. Cerebrovascular pathology is revealed more sensitively by the dynamic cerebrovascular response to a sudden drop in blood pressure than by the static cerebrovascular response, at least in diabetic patients (20) .
Since standard methods for the assessment of cerebral blood flow have an insufficient time resolution to follow dynamic changes, cerebrovascular adaptation after a rapid change in blood pressure is assessed by transcranial Doppler-determined cerebral blood velocity changes in basal cerebral arteries. Middle cerebral artery (MCA) mean blood velocity (V mean ) begins recovering within ϳ5 s after a blood pressure drop induced by rapid release of thigh cuffs (1, 50) . Analysis of the time course in cerebrovascular conductance, especially relative to the perfusion pressure, allows for the determination of the onset in cerebral autoregulation and quantification of a rate of regulation (ROR) (1, 50) .
To evaluate whether training status affects dynamic cerebral autoregulation, we compared the cerebrovascular response to dynamic changes in central hemodynamics in untrained healthy subjects and highly endurance-trained subjects after the release of bilateral thigh cuffs.
METHODS
Nine trained and nine untrained male volunteers participated in this study after giving informed consent to the protocol, as approved by the Ethics Committee of Copenhagen (H-KF-278471 and H-KF-01 30479). Subjects were recruited through the institutional website and through contacts in the elite cycling environment (Table 1) . Subjects were nonsmokers, without cerebral, respiratory, or cardiovascular disease, and did not use any medication. Subjects were categorized as untrained if they abstained from regular, i.e., at least twice weekly, physical activity of Ͼ30-min duration. Subjects were tested in the morning at ϳ10 AM after an overnight fast and were asked to abstain from drinking caffeine and alcohol from the previous evening. Water intake was unrestricted.
Protocol
Subjects were instrumented in the supine posture, after which they remained supine for 30 min before being seated in a chair with the back supported and the legs bent ϳ90°at the hip and knee. After stabilization of the circulatory variables, data were sampled during a 5-min resting period that was followed by 2.5 min of leg ischemia and a postcuff period of 5 min. Leg ischemia was induced by inflation of the thigh cuffs to a pressure of 300 mmHg.
Instrumentation
Transcranial Doppler. The proximal segment of the right MCA was insonated (Multidop X, DWL, Sipplingen, Germany) through the posterior temporal window. Once the optimal signal-to-noise ratio was obtained, a headband with a probe holder was attached. A rubber band was then strapped around the headband to further optimize the signal-to-noise ratio and to ensure a stable position and angle of the probe. MCA V mean was computed as the integral of maximal frequency shifts throughout one beat divided by the corresponding beat interval.
Arterial blood pressure. Mean arterial pressure (MAP) was measured with photoplethysmographic techniques (BMEYE Nexfin monitor, Amsterdam, The Netherlands). The cuff was applied to the midphalanx of the middle finger of the dominant arm and secured at the heart level (9) .
Central venous catheter. A catheter (1.7-mm inner diameter) was placed into the right internal jugular vein. Positioning of the catheter tip at the caval arterial junction was performed by electrical guidance (12) . Central venous pressure (CVP) was recorded from a transducer (Edwards Lifesciences, Irvine, CA) connected to a monitor (Datex Ohmeda, Helsinki, Finland).
Arterial catherization. A catheter (1.0-mm internal diameter) was placed into the radial artery for blood sampling, which was performed 2 min before inflation of the thigh cuffs to 300 mmHg, 1 min before their release, and 30 s after deflation. Blood samples were kept in ice-cold water until analyzed for the determination of blood gas variables and lactate.
Data analysis. Blood pressure and transcranial Doppler ultrasound recordings were analog to digital converted and sampled at 100 Hz (Nextview, Bavarian Measurement, Munich, Germany). Post hoc analysis included visual judgement of the Doppler tracings for obvious artifacts, which were removed manually (MATLAB, Mathworks). Such artifacts of the spectral outline included a sudden loss of signal, i.e., a sudden drop of the spectral outline to zero, or sudden spikes that approached the maximum of the measurement scale. Subsequently, these data were analyzed beat to beat (BeatFast, Finapres Medical Systems, Amsterdam, The Netherlands). MAP was obtained as the integral of pressure over one beat divided by the corresponding beat interval. Heart rate (HR) was the inverse of the interbeat interval, and stroke volume (SV) was obtained from the arterial pressure pulse wave by Modelflow analysis. This method computes an aortic flow waveform by simulating a nonlinear, time-varying model of the aortic input impedance. Studies (17, 46) comparing the photoplethysmographic method with Doppler-measured changes in SV have shown that Modelflow-derived SV from photoplethysmography provides a reliable estimation, especially regarding relative changes.The resulting cardiac output (CO) correlates with a determination based on thermodilution (15) . CO was the product of HR and SV, and the cardiac index (CI) was determined by CO divided by the body surface area. The systemic vascular resistance index (SVRi) was determined as follows: (MAP Ϫ CVP)/CI. For a uniform timescale, data were resampled at 2 Hz (MATLAB, Mathworks).
To describe the central and cerebral hemodynamic responses after cuff release, we calculated the time to nadir/peak as well as the time from nadir/peak to baseline (38) . The cerebrovascular conductance index (CVCi) was determined as the ratio of MCA V mean and MAP (1, 26) . The onset of cerebrovascular counterregulation becomes visible when CVCi starts to recover. The 2.5-s interval [⌬T (1)] after this individually determined time point was taken for the analysis of cerebral autoregulation. The ROR was expressed as follows: (⌬CVCi/ ⌬T)/⌬MAP, where ⌬MAP was calculated as the control MAP (last value before MAP dropped after the cuff release) minus the average MAP. Further recovery of variables was evaluated in the interval from minimum MAP to peak HR, when influence from arterial baroreflexmediated sympathetic activation becomes manifest.
Dynamic cerebral autoregulation. Frequency-domain analysis was used to quantify the counterregulatory capacity of dynamic cerebral autoregulation from spontaneous blood pressure oscillations (19, 31) . A 5-min tracing of beat-to-beat data of MAP and MCA V mean was spline interpolated and resampled at 4 Hz. To quantify the variability of MAP and MCA Vmean, the power spectra of the two variables were estimated by transforming the time series of MAP and MCA Vmean with discrete Fourier transformation to the frequency domain. From the cross spectrum, transfer function phase shift and gain were derived. According to the high-pass filter model of cerebral autoregulation, autoregulatory capacity is reflected by the positive phase relation between oscillations of MAP (input function) and MCA Vmean (output function) (8, 31) . At high frequencies, less cerebral attenuation of MAP oscillations to MCA Vmean implies that the cerebral autoregulation cannot respond fast enough to rapid changes in MAP (31) . Results were expressed as the averaged integrated area for the lowfrequency (LF) range (0.07-0.15 Hz). The gain as the ratio of the amplitudes of MCA Vmean and MAP was taken to reflect the effective amplitude dampening of MAP fluctuations. To examine the strength of the relationship between MAP and MCA Vmean, coherence was used to signify that the two cardiovascular signals covaried significantly in the LF area. Like a correlation coefficient, it varied between 0 and 1, and coherence above 0.5 was considered to provide a reliable estimate of the transfer function variables. Phase shift was defined positive where MCA Vmean led MAP. To account for intersubject variability, the gain was normalized for MAP and MCA Vmean and expressed as the percent change in cm/s per percent change in mmHg (18, 31) .
Statistical analysis. For singular comparisons between groups, Student's unpaired t-test was applied when data were normally distributed; otherwise, the Mann-Whitney rank sum test was used (Sigmastat 3.11, Systat Software, Point Richmond, CA). "Precuff" reflects mean values for the 2-min period before the inflation of the bilateral thigh cuffs to 300 mmHg, "cuff" reflects mean values 1 min before the release of the thigh cuffs, and "postcuff" reflects the maximal or minimal value after deflation. Differences between the precuff, cuff, and postcuff periods were identified using Kruskal-Wallis one-way ANOVA on ranks, and a Student-Newman-Keuls test was applied for multiple pairwise comparisons. Differences were considered statistically significant when P Ͻ 0.05. Data are presented as means Ϯ SE for nine trained and nine untrained individuals and are expressed relative to the preceding condition. Data are mean Ϯ SE; n ϭ 9 subjects in the trained group and 9 subjects in the untrained group. *Significantly different from the untrained group (P Ͻ 0.05).
RESULTS
Leg ischemia did not change systemic circulatory variables and MCA V mean except that CVP decreased during the thigh cuff period (Table 2 ). After the release of leg ischemia, the drop in MAP was more pronounced in trained subjects (Ϫ39 Ϯ 3% vs. Ϫ26 Ϯ 3%, P Ͻ 0.01; Fig. 1 ), reflecting a larger decline in SVRi (Ϫ63 Ϯ 2 vs. Ϫ42 Ϯ 3%, P Ͻ 0.01). MCA V mean decreased most in the athletes (Ϫ37 Ϯ 3 vs. Ϫ25 Ϯ 2%; P Ͻ 0.05), whereas HR and SV increased more (HR: 47 Ϯ 6% vs. 28 Ϯ 2%, P Ͻ 0.05; and SV: 45 Ϯ 4% vs. 17 Ϯ 2%, P Ͻ 0.01), leading to a larger increase in CO in the trained group (94 Ϯ 7% vs. 38 Ϯ 5%) compared with the untrained group (P Ͻ 0.01). In neither group were these circulatory changes associated with larger fluctuations in CVP, which returned to precuff values ( Table 2) .
Response Dynamics
After the release of ischemia, the rate of decline in MAP (Ϫ6 Ϯ 1 vs. Ϫ4 Ϯ 1%/s, P Ͻ 0.05) and MCA V mean (Ϫ9 Ϯ 1 vs. Ϫ6 Ϯ 1%/s, P Ͻ 0.05) was faster in the trained group. The onset of cerebrovascular counterregulation, i.e., the time point of the increase in CVCi, was reached significantly slower in the trained group than in the untrained group (3.9 Ϯ 0.4 vs. 2.7 Ϯ 0.4 s, P Ͻ 0.05; Fig. 2) . The ROR was similar between the groups (trained group: 18 Ϯ 4 %/s and untrained group: 24 Ϯ 7%/s, P ϭ 0.2).
The index between changes in HR and changes in MAP after cuff release (⌬HR/⌬MAP) was similar (trained group: 0.78 Ϯ Values are means Ϯ SE; n ϭ 9 subjects in the trained group and 9 subjects in the untrained group except for CVP, where n ϭ 8 subjects in the untrained group. "Precuff" reflects mean values for the 2-min period before the inflation of the bilateral thigh cuffs to 300 mmHg, "cuff" reflects mean values 1 min before the release of the thigh cuffs, and "postcuff" reflects the maximal or minimal value after deflation. MCA, middle cerebral artery; Vmean, mean blood velocity; MAP, mean arterial pressure. *Significantly different from the previous interval (P Ͻ 0.05); †significantly different from the untrained group (P Ͻ 0.05). Spectral analysis and MAP-MCA V mean transfer function data are shown in Table 3 . Coherence was Ͼ0.5 in both groups. The normal MAP-to-MCA V mean phase and gain indicated maintained cerebral autoregulation in both groups, whereas the normalized MAP to MCA V mean LF transfer function gain was higher in the trained group.
Blood Parameters
The arterial lactate concentration was higher in the trained subjects during all parts of the study, but it was not different from the baseline value during leg ischemia or 30 s after the release of the thigh cuffs. In both groups at these time points the arterial CO 2 and O 2 tensions, arterial saturation, base excess, and pH were also similar to their baseline values ( Table 4 ).
DISCUSSION
In highly trained endurance athletes, the drop in blood pressure after the release of resting leg ischemia was more pronounced than in untrained subjects and was associated with parallel changes in indexes of cerebral blood flow. A delayed onset of autoregulation together with a larger normalized transfer gain conforms with a less effective dampening of MAP oscillations, indicating that athletes may be more prone to instances of symptomatic cerebral hypoperfusion when MAP declines.
Recent evidence has indicated that habitual physical activity may offset the normal age-related decline in MCA V mean (2) . Physical training modulates the vascular system and thereby improves the efficiency of flow to the muscles (43), but it is not known whether training status modifies the regulation of blood flow to the brain.
The higher incidence of orthostatic symptoms in this group (4, 11, 21, 22, 24, 32, 42, 44) might partly reflect less effective cerebral autoregulation. In this study, the cerebrovascular au- Values are means Ϯ SD; n ϭ 6 subjects in the trained group and 6 subjects in the untrained group. *P Ͻ 0.02 vs. the untrained group. Values are means Ϯ SE; n ϭ 9 subjects in the trained group and 8 subjects in the untrained group. Blood sampling was performed 2 min before inflation of the bilateral thigh cuffs to 300 mmHg (precuff), 1 min before the release of the thigh cuffs (cuff), and 30 s after deflation (postcuff). *Significantly different from the untrained group (P Ͻ 0.05). toregulatory capacity was gauged in both the time and frequency domains. Whereas time-domain analysis for the determination of dynamic autoregulation after cuff release by definition regards deliberately induced brisk changes in the input, transfer function analysis is not appropriate under these very circumstances where the data show nonstationarity and was therefore applied during a 5 min-resting period (30) . Timedomain versus transfer function analysis-derived parameters do not relate to each other in a one-to-one fashion. In the time domain, the rate of regulation, i.e., the increase in cerebrovascular conductance over time for a given change in arterial blood pressure, was similar for trained versus untrained subjects, and the transfer function analysis-determined phase difference was equally comparable. Together, these findings enforce the integrity of dynamic cerebral autoregulation control for both groups of subjects. The higher normalized gain of the MAP to MCA V mean LF transfer function in the trained group, representing the amplitude ratio between the output (MCA V mean ) and input (MAP), suggests less ability of the cerebral vasculature control to offset a given change in cerebral perfusion pressure (29) . This transfer function analysis-derived parameter has no direct pendant in the time domain. In the reverse, the information on the differences in latency of cerebrovascular counterregulation between the groups, expressed as the time instant of increase in CVCi, is not represented in the frequency domain. Taken together, since the effectiveness of dynamic cerebral autoregulation is expressed by the delay to its onset and the ROR and/or the gain and phase of the MAP to MCA V mean LF transfer function, our data indicate that the athlete's brain is challenged by rapid and pronounced changes in arterial pressure.
In healthy subjects, Aaslid (1) found a linear drop in cerebrovascular resistance with a latency between 1 and 3.5 s after the release of thigh cuffs, and this period has thus been adopted for the determination of cerebral autoregulation dynamics by others (26) . In both the trained and untrained subjects we found a variable onset period (overall range: 1.5-6 s) in the rise in CVCi, which is the reciprocal expression of a reduction in cerebrovascular resistance. We consider that determination of the autoregulatory response should be based on each individual's dynamic response of resistance/conductance and defined the interval, when autoregulation is assumed to regulate the flow, as the 2.5 s-interval after the individually determined onset of increase in CVCi.
The ROR, which relates recovery of CVCi to changes in MAP, was independent of fitness and similar to what others have reported for healthy subjects (1, 34) . Of interest, although indexes of cerebrovascular regulation were similar between the trained and untrained groups, CVCi reached largest values and remained elevated above baseline in the trained group (Fig. 2) . This finding correlates with more pronounced and prolonged cerebral vasodilation in trained subjects. CO 2 is a potent vasodilator of cerebral vessels, and cerebral blood flow increases with an increase in arterial PCO 2 (23) . In untrained subjects, the CO 2 responsiveness of the brain vessels (the CO 2 reactivity) is enhanced during but not after exercise (36) . Training enhances the ventilatory CO 2 responsiveness, and ventilatory and cerebrovascular CO 2 responsiveness are interconnected (3). However, arterial PCO 2 was unchanged 30 s after ischemia, and, although we cannot rule out changes of CO 2 within this time window, we consider CO 2 to be an unlikely mediator of the initial dynamic cerebrovascular response since the cerebrovascular response to a step increase in CO 2 is established after Ͼ10 s (35) .
It could be speculated that trained versus untrained subjects release more vasoactive substances after the period of prolonged leg ischemia due to presumably higher metabolic activity of the leg muscles and that these substances affect cerebral blood flow. In athletes, the lactate concentration was higher during all conditions, probably reflecting the larger muscle mass in these subjects. However, the plasma lactate concentration did not change significantly in relation to the interventions in either group (Table 4) .
Circulatory variables were different between the groups. After cuff release, the trained group responded with an elevation in CO by ϳ100% compared with only 40% in the untrained group, reflecting a larger increase in both SV and HR. At the same time, MAP dropped more in the trained group due to a larger increase in (systemic vascular) conductance. Endurance training involves larger changes in end-diastolic volume over an equivalent range of cardiac filling volume, and, thus, athletes operate on the steep portion of their Frank-Starling curve with a larger dependency on venous return as a mechanical cause of orthostatic intolerance (10, 24) . Vice versa, this may explain the faster and larger elevation in SV as soon as venous return was reestablished after cuff release. The finding that CVP remained stable in both groups after cuff release supports the contention that CVP is a poor parameter of cardiac preload (49) .
Considerations for the higher incidence of syncope in welltrained subjects have primarily focused on two issues: an increased ability to pool blood in the extremities leading to central hypovolemia and/or a decreased ability of baroreceptors to maintain MAP (5, 37) . Although leg compliance in trained individuals is enhanced, a contribution of blood pooling to orthostatic intolerance was considered less likely because of less leg vascular volume in endurance-trained individuals (16, 32) . Both the trained and untrained subjects were able to elevate their CO in response to an enhanced flow demand of the leg muscles and requirement to restore MAP. Since the athletes had a larger drop in cerebral blood velocity despite a much larger elevation in CO, it may be speculated that the postischemic legs of athletes require a higher proportion of CO, thereby compromising blood flow to other organs, including the brain (25) .
Orthostatic stress unloads cardiopulmonary baroreceptors and, together with an increase in arterial baroreceptor activity, supports the circulation during orthostatic challenge (6, 7, 33) , whereas endurance training leads to a less efficient baroreceptor reflex (39 -41) . Raven and Pawelczyk (37) hypothesized that the cardiopulmonary baroreceptor-mediated inhibition is greater in trained than untrained human, which was supported by recent findings (16) of a less efficient response to cardiopulmonary baroreceptor unloading in trained compared with untrained subjects. Since this is followed by a greater afferent neural output, arterial baroreceptors are inhibited with the consequence of decreased orthostatic tolerance (28) . The rate of return of MAP and ⌬HR/⌬MAP after cuff release as an estimate of the integrated baroreceptor responses (26) were, however, similar between the groups.
Limitations
Thigh cuff deflation was used as an established method to induce a rapid decline in arterial blood pressure (1, 45) . Both ischemic pain and muscle ischemia per se are important stimuli of sympathetic activity that may influence cerebrovascular regulation independent of the training status. However, in both groups, HR and blood pressure were unaffected during ischemia, rendering such an effect unlikely under the conditions of our study. Unlike an orthostatic challenge, such as lower body negative pressure or head-up tilt, where the systemic and cerebral circulation are challenged mainly by central volume depletion with only moderate blood pressure changes, thigh cuff deflation involves marked transient elevations in CO and a reduction in blood pressure challenging dynamic cerebrovascular autoregulation. Given the larger changes in CO in the well-trained subjects and the independent effect of CO on cerebral blood flow, the relative contributions of blood pressure and CO to the dynamic cerebrovascular response are of interest but difficult to identify.
We don't know whether a difference in cerebral autoregulation dynamics exists between endurance athletes and untrained subjects under conditions with a rapid rise in blood pressure. In healthy subjects, disparate efficacy of cerebral autoregulation dynamics has been demonstrated against rising and falling blood pressure (48) . A delay in the onset of autoregulation in the trained subjects may be attributed to a higher critical closing pressure, i.e., cerebrovascular tone in the trained subjects, as seen during exercise (27) . It is tempting to speculate whether such adaptation could make the trained subjects' brain vessels more vulnerable to a rapid decline in blood pressure and, on the other hand, protect them from (exercise) induced hypertension.
Trancranial Doppler-determined blood velocity reflects volume flow under the assumption that the diameter of the MCA does not change. The caliber of the MCA changes Ͻ4% in response to blood pressure and CO 2 changes (13), linking changes in velocity to changes in flow. A potential limitation is that none of the trained subjects actually experienced syncope or complained of dizziness, and we cannot exclude that in symptomatic athletes these indexes of cerebral autoregulation would have been affected more. Furthermore, our results cannot be extrapolated to female subjects since only male subjects were studied and hormonal status and, in turn, sex may have impact on cerebral blood flow regulation (51) .
Conclusions
Taken together, a high level of aerobic fitness appears to weaken dynamic cerebral autoregulation and may thus increase the risk of symptomatic cerebral hypoperfusion during marked and rapid reductions in blood pressure, e.g., during the transition from a sitting position to a standing position.
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